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Abstract

Addictions to cocaine or heroin/prescription opioids [short-acting mu-opioid receptor (M OPr)
agonists] involve relapsing cycles, with experimentation/escal ating use, withdrawal/abstinence,
and relapse/re-escalation. Kappa-opioid receptors (KOPr; encoded by OPRK1), and their
endogenous agonists, the dynorphins (encoded by PDYN) have counter-modul atory effects on
reward caused by cocaine or MOPr agonist exposure, and exhibit plasticity in addictive-like states.
KOPr/dynorphin activation is implicated in depression/anxiety, often co-morbid with addictions.
In this Opinion article, we propose that particular stages of the addiction cycle are differentially
affected by KOPr/dynorphin systems. VVulnerability and resilience can be due to pre-existing (e.g.,
genetic) factors, or epigenetic modifications of the OPRK1 or PDYN genes during the addiction
cycle. Pharmacotherapeutic approaches limiting changes in KOPr/dynorphin tone, especially with
KOPr partial agonists, may hold potential for the treatment of specific drug addictions and
psychiatric co-morbidity.
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Introduction

The KOPr system, and its endogenous agonist ligands, the dynorphins, have widespread
distribution in the central and peripheral nervous system [1-5]. Dynorphins are a class of
opioid peptides that arise from the precursor protein prodynorphin. When prodynorphinis
cleaved during processing, multiple active peptides are released: dynorphin A, dynorphin B,
and a/B-neo-endorphin [6, 7].

Behavioral, perceptual, reward- and mood processes, and neuroendocrine functions [e.g., in
the hypothalamic-pituitary-adrenal (HPA) axig] are all modulated by the KOPr/dynorphin
system. This system also interacts prominently with dopaminergic circuits, and some of the
af orementioned effects of KOPr activation (e.g., on mood and reward) may be secondary to
this dopaminergic modulation. Acute agonist- induced activation of the KOPr system can
result in aversion/dysphoria/sedation (possibly related to anhedonia and decreased arousal)
and also psychotomimesisin humans [8]. Potentially related to these psychotomimetic
effects, the widely available hallucinogen salvinorin A (from the plant Sa/via divinorurm), is
a high-efficacy selective KOPr agonist [9].
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Administration of high-efficacy KOPr agonists causes depressant-like effects and anhedonia
in rodents [10], and causes conditioned place aversion [11, 12]. Upregulation in dynorphin
MRNA levels occurs after exposure to stress, or to drugs of abuse (e.g., cocaine or short-
acting MOPr agonists, discussed below). Depressant-like or anhedonic effects observed after
stress exposure or during cocaine withdrawal can be blocked by KOPr antagonists [13-15].
These findings lead to the postul ation that increased endogenous dynorphin-induced
activation of KOPr (KOPr “tone”) can result in the above neuro-psychiatric adverse events.
Notably, there is considerable co-morbidity of such psychiatric disordersin specific
addictive disease patients [16-18].

The KOPr/dynorphin system is also upregul ated by exposure to drugs of abuse such as
stimulants (e.g., cocaine) and MOPr agonists [19-23]. On amethodological level, it should
be noted that plasticity in the KOPr target can be detected both at the mRNA level and the
protein level (e.g., with autoradiography). By contrast, most data for plasticity in the
dynorphin target is at the mRNA level, sinceit is more challenging to obtain quantitative
data on dynorphin peptides (e.g., due to antibody immunoreactivity and specificity
problems). Overall, it may be postulated that KOPr/dynorphin upregulation plays specific
roles depending on the stage within an addiction cycle (which, operationally, can include:
initiation/escalation of exposure, withdrawal/abstinence and rel apse/re-escal ation; discussed
further below). Other major systems (e.g., the glutamatergic, CRF/AV P and other
neuropeptides) are undoubtedly involved, but the scope of this article will be limited to the
KOPx/dynorphin.

The focus of this Opinion articleis primarily on addictions to cocaine and short-acting
MOPr agonists, and not directly on other substances such as nicotine, cannabinoids, or
ethanol. Several valuable recent reviews have focused on the role of the KOPr/dynorphin
systemsin the neurobiology of addiction and comorbid neuropsychiatric states [24-26]. The
trangdational focus of thisarticle is on how specific pharmacotherapeutic approaches
focusing on this system (e.g., selective KOPr antagonists or partial agonists) may hold
potential at different stages of the operationally defined addiction cycle. We further propose
that specific human genetic variantsin this system may affect vulnerability and resilience at
particular stages of the addiction cycle to specific types of drugs, such as cocaine and other
stimulants, or heroin or abused prescription opioids, and may thus further inform clinical
treatment efforts.

Addiction states and their cyclical relapsing nature: A framework for the
impact of the KOPr/dynorphin system

The trajectory of addiction has operational stages including early experimentation,
escalating self-exposure, followed by withdrawal/abstinence periods of varying duration,
and in vulnerable individuals, relapse/re-escalation, of varying severity (Fig. 1A) [27-32].
Some behavioral and neurobiological manifestations of these stages are specific to each drug
of abuse (e.g., stimulants such as cocaine, or heroin/prescription opioids), for example,
neurobiological aspects of withdrawal therefrom [33, 34]. By contrast, some downstream
effects may be shared across multiple drug classes. For instance, acute dopaminergic
activation in nigrostriatal and mesolimbic systems, and activation of a counter-modulatory
KOPr/dynorphin response [19, 20, 23, 35, 36], are common responses across different types
of drugs of abuse. The dopaminergic systems and the KOPr/dynorphin systems (as well as
MOPY) show functional adaptations (some persisting for prolonged periods) after repeated
exposure to cocaine or short-acting MOPr agonists, in preclinical models or clinically [20,
21, 23, 37-43]. These adaptations are hypothesized to underlie aspects of relapse and
neuropsychiatric co-morbidity. For avariety of practical, catchment, and ethical reasons, it
isdifficult to obtain human findings at clearly defined stages in the addiction trajectory
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(especially during the experimentation and initial escalation stages). Thus, evolving
preclinical studies have been critical to present understanding in this field.

Neurobiology of the KOPr/dynorphin system: Impact in the Addiction Cycle

KOPr and dynorphin peptides are localized in areas of the dopaminergic nigrostriatal and
mesolimbic—mesocortical systems|[2, 3]. They play an important role in the modulation of
reward, beit to natural reinforcers (e.g., food, appetitive stimuli) or to drugs of abuse (eg.
cocaihe,a monoamine reuptake inhibitor, or MOPr agonists such as heroin), presumably
through modulation of basal and reward/drug- induced changes in dopaminergic tone. In
contrast to most drugs of abuse (e.g., stimulants, MOPr agonists, or ethanol), acutely
administered KOPr agonists (such as dynorphin A;_;7 which is a high-efficacy endogenous
agonist [4, 44], or synthetic ligands such as U50,488 [4]) decrease basal dopaminelevelsin
dopaminergic terminal fields [35, 45, 46]. Endogenous dynorphin tone in the mesolimbic
system appears to be low under basal conditions, as shown by the relatively limited effects
of administration of a selective KOPr antagonist in rodents not previously challenged with
drugs of abuse [47-49].

Endogenous dynorphin activation is thought to mediate, at least in part, dysphoriaand
anhedonia associated with drug withdrawal, stress-induced aversion states, and stress-
induced relapse-like behavior [15, 50-52]. These findings strongly support the hypothesis
that the functional status of the endogenous KOPr / dynorphin system is an important feature
underlying the cyclical nature of drug addiction trgjectory, as well as the co-morbidity
observed with psychiatric disorders (e.g., anxiety and mood disorders). This co-morbidity
may in itself contribute to exacerbation of the addictive cycle, for example by promoting
continued relapse.

Adaptations in the KOPr/dynorphin system after exposure to drugs of

abuse

Expression of the PDYN gene isincreased on an acute and recurrent basis by drugs of
abuse, such as cocaine [19, 20]. Interestingly, this effect becomes more pronounced after
chronic high dose exposure, in dorsal striatal areas thought to be involved in compulsive/
habit-like behaviors, one of the hallmarks of addictive states[19, 20, 53, 54]. KOPr
antagonists can block stress-induced reinstatement of cocaine self-administration or
conditioned place preference (CPP), which are models for aspects of relapse [50, 51]. Stress
and chronic drug (e.g., cocaine) exposure enhances dynorphin expression, KOPr signaling
and KOPr levels, in atime-dependent, neuroanatomically specific manner [19-21, 38, 55,
56]. This leads to the postulation that dynorphin-induced activation of KOPr mediates
anxiety- or depressant-like, anhedonic or dysphoric effects after either stress or chronic drug
exposure [13, 52, 56]. Furthermore, chronic cocaine exposure also results in adaptationsin
KOPrs and KOPr-activated second messenger signaling, in areas of the meso-limbic and
nigrostriatal system (Figure 1) [21, 55]. Overall, there appears to be a pronounced and
relatively broad-based impact of the KOPr/dynorphin system on adaptationsto chronic
exposure to drugs of abuse and known neuropsychiatric co-morbidity. It may therefore be
hypothesized that responsiveness of this system at specific stages of the addiction cycle
(e.g., acquisition/escal ation, vs. withdrawal/abstinence, vs. relapse, and attendant co-
morbidity) may influence vulnerability and resilience. Genetic variation in the KOPr/
dynorphin system may thus confer relative resilience or vulnerability at specific stages of an
addiction cycle, by acting either on the addictive process per sg on co-morbid psychiatric
disorders, or on stress-related brain adaptations (discussed further below) [57, 58]. Genetic
association data that clearly separates these three mediating potential mechanismsin the
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context of addiction is not currently available, and would contribute to the refinement and
impact of therapeutic strategies (see Box 1).

Genetics of PDYN and vulnerability in the addiction cycle

Genetic polymorphismsin the PDYN gene [e.g., individual single nucleotide
polymorphisms (SNPs),hapl otypes, repeats, or insertion/deletions [ /ndels]), may affect the
efficiency of transcription, or responsivity to environmental or internal stimuli. Thiswould
in turn result in downstream neurobiological and behavioral adaptations (e.g., proximally
through dynorphins' agonist actions on KOPr). Therefore, genetic variation at PDYN, or
epigenetic changes, could underlie vulnerability and resilience to addictive and co-morbid
psychiatric diseases, at specific stages in the addiction cycle.

The human PD YN gene contains four exons and islocated at chromosome 20p13 (Fig. 2A).
Exons 1 and 2 encode the 5 UTR, exon 3 encodes a signal peptide, and exon 4 encodes the
dynorphin peptides, including dynorphin A;_17 and dynorphin B1_33. One of the most
studied PD YN polymorphism is a 68-base pair nucleotide tandem repeat polymorphism
(rs35286281) located 1250 bp upstream of exon 1 [6] (Table 1). This polymorphism, which
contains a putative activator protein-1 (AP-1) transcription complex (including c-Fos/c-Jun)
binding site, isfound in 1-5 copies [59]. With careful phenotyping, it was found that
individuals with three or four copies of the 68-bp tandem repeat showed an increased
vulnerabhility to develop cocaine dependence or cocaine/alcohol codependence, in African-
American subjects only [60, 61]. A significant association was reported between the number
of 68-bp tandem repeats and methamphetamine dependence; alleles with three or four copies
of the 68-bp repeat were found more frequently in Japanese individuals with
methamphetamine dependence [62]. Overall, these profiles may be due to drug-specific
interactions between gene and drug exposure etiology, and also on differential PDYN
polymorphism distribution or allelic frequencies across ethnicities.

Several association studies of other DY/ SNPs and different addictions have been
reported. Nine PDYN SNPstested in the large Collaborative Study on Genetics of
Alcoholism (COGA) caucasian study cohort (including rs1997794, located in the promoter
of PDYN[NM_001190900] or in exon 1 of asplice variant [NM_024411.4]) were
associated with alcohol dependence [63]. The minor allele of rs1997794 eliminates a
putative binding site for the AP-1 transcription factor complex and modulates PDYN
expression [64].

Three SNPs were analyzed in Chinese subjects, for association with heroin dependence [65],
resulting in the detection of a sex-specific association (ie., SNP rs1022563 was associated
with opioid dependence in females but not males). Thisillustrates sex as afurther
stratification variable that may affect the impact of genetic variation of PDYN on this
complex disease. An association between three SNPs (rs910080, rs910079 and rs2235749)
inthe 3" UTR region, and the haplotype CCT, with both cocaine dependence and cocaine/
alcohol codependence, was detected in Caucasians, but not in African Americans [66].

What are the functional consequences of PDYN polymorphisms?

Severa studies evaluated the impact of the SNPs on gene expression of PDYNmRNA. An
early /in vitrostudy, using aminimal PDY/N promoter in areporter gene expression assay in
arodent neuroblastoma X gliomacell line (NG108), showed that constructs containing three
or four copies of the 68-base pair repeat (ie. rs35286281) produced approximately 1.5
greater levels of forskolin-induced transcriptional activity compared with constructs with
one or two copies of the repeat [67]. A more recent study in human cell lines transfected
with reporter gene expression constructs containing the PD YN promoter with the thirteen
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most common combinations of the tandem repeat region and the internal SNP (rs61761346)
in acontrol human population, explored this influence more broadly [59]. In neuronal SK-
N-SH and H69 cell lines, three or four repeats led to lower expression of luciferase than one
or two repeats, which would suggest lower levels of PDYN message and potentially peptide
production. However, the opposite effect was found in the human embryonic kidney
(HEK293) cdll line. The SNP A/G within the repeats (rs61761346, Table 1; Fig. 2A) also
had an effect on PDYN gene expression in both SK-N-SH and H69 cells. Thus, promoter
forms with the A allele had significantly higher luciferase expression than promoter forms
with the G alele [59]. Also, arecent study reported a complex interaction of five
polymorphismsin the 5' flanking region (including the polymorphic 68-bp tandem repeat)
on regulation of basal expression of PDYN; such regulation was observed both /n vitroas
well as within two regions of postmortem human brain, the occipital cortex and temporal
cortex [68]. Overal, these findings support the importance of the 2D YN promoter repeats
(and the SNP therein) on gene expression, with a complex pattern of /n vitro effects,
depending on experimenta conditions.

As described above, the haplotype CCT in PDYN 3' UTR was associated with cocaine
dependence and with combined cocaine/al cohol codependence [66]. Allele-specific gene
expression of PDYN was investigated, using SNP rs910079 as a reporter, in postmortem
human brains from eight heterozygous subjects, using the allele-specific gene expression
assay [69]. Lower expression for the C allele (rs910079), indicating lower expression of the
CCT haplotype of PDYN, was observed both in the caudate and nucleus accumbens (NAc)
[66]. Analysis of total PDYN expression in 43 postmortem brains (irrespective of clinical
status) also showed lower levels of PDYN mRNA in subjects having the “risk” CCT
haplotype [66]. The discovery of the haplotype expression differences raises the question of
whether this haplotype is functional aone or islinked to other functional variants. For
example, this haplotype isin linkage with the functional SNP rs 1997794 in the PDYN
promoter region [66]. This study provided evidence that a haplotype with lower mMRNA
expression of the PDYN gene in human caudate and NAc may be associated with increased
vulnerability to develop cocaine dependence. Taking into account the neuraobiology of the
KOPr/dynorphin system in the setting of preclinical models, and the conceptual framework
of the addiction cycle (above), it may be hypothesized that such afunctional consequence
(e.g., lower pre-existing PDY/N mRNA expression), may affect cocaine or cocaine/al cohol
addiction in one or more operational stages (for example, in the acquisition/escalation

stage).

Preclinical models for assessing the impact of PDYN

Since there are limits to the likelihood of obtaining human post mortem samples at specific
stages of the addiction cycle, and at specific times post- drug exposure, preclinical models
are critical to further illuminate thisissue. Studies in different mouse models show that
sensitivity to rewarding effects of drugs of abuse may depend, in part, on the basal level of
PDYN gene expression in the striatum. For instance, induction of PDY/N by overexpression
of CAMP response element binding protein (CREB) in the NAc (prior to cocaine exposure),
decreased the acquisition of cocaine-induced CPP [70]. This would be, conceptually, an
illustration of a molecular genetic intervention affecting specifically the acquisition stage of
the abuse/addiction trajectory.

Interestingly, tissue plasminogen activator (tPA) knockout mice displayed higher basal
PDYN mMRNA levelsin the NAc, and lower acquisition of cocaine-induced CPPin
comparison to wild-types [71]. Also, mice of the inbred strain DBA/2J showed higher levels
of basal PDYN mRNA in the NAc than C57BL/6J mice, and the former were relatively
resistant to the acquisition of morphine-induced CPP [72]. Furthermore, the acquisition of
morphine-induced CPP was enhanced in DBA/2J mice pre-treated with the KOPr antagonist
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nor-binaltorphimine (which would presumably decrease KOPr/dynorphin “tone”). However,
complex strain differences (e.g., C57BL/6J vs 129P\3J) in heroin-induced changesin PDYN
MRNA levels have also been observed, together with differences in acquisition of heroin-
induced CPP[73].

Genetics of OPRK1 and vulnerability at specific stages of the addiction cycle

Similar to the dynorphins, the KOPr gene and protein are also regulated by addiction
trajectory in humans and anima models. The human OPRK1 geneislocated on
chromosome 8g11.2. A recent re-evaluation of the exon/intron structure of the human
OPRK 1 gene reported four exons and three introns, and a 3-UTR region of 3096
nuclectidesin length (Fig. 2A), similar to rodent Oprk1 [5]. Twelve SNPsin the coding
region and intron 1 of the gene were studied, and using logistic regression with heroin
dependence status, the 36G>T SNP (rs1051660) exhibited a point-wise significant
association with disease status [5] (Table 1). Another study of eleven SNPs (hot including
SNP rs1051660), reported an association of heroin dependence of the intronic SNP
rs6473797 in Caucasians, including Israeli Caucasians [74]. Also, in astudy with seven
SNPsin EA, three of the SNPs examined (rs1051660, rs6985606 and rs997917) werein
association with alcohol or cocaine dependence [75]. A functional polymorphism, 830 bp
insertion/deletion (indel, rs35566036, Fig. 2A) was identified in promoter region of OPRK1
located at -1986 bp upstream of the trandlation start site [76]. The presence of the insertion
upstream of the luciferase reporter gene lowered transcription activity of OPRKI promoter
in HepG2 cells[75]. Family-based association analysesin 219 COGA multiplex Caucasian
alcohol -dependent families showed significant association of thisinsertion with alcoholism
[76].

Of note, genetic variation in OPRM 1 (the gene for MOPr, the main pharmacodynamic target
of heroin and prescription opioids) affects vulnerability to addictive diseases and
pharmacotherapy (summarized in Figure 2C and Table 1). The KOPr/dynorphin system is
counter-modulatory to the MOPr system, and MOPrs also mediate downstream effects of
cocaine. Therefore, OPRM 1 genetic variation may also contribute to the trajectory of
addiction and recovery interactively with the aforementioned systems.

In summary, genetic variation at OPRK1or PDYN, aswell as OPRM1 (and other genes
beyond the scope of this article) can have direct functional consequences by altering mMRNA
transcription, stability or trandation, resulting in potential changes in protein structure or
protein levels.

Working model of the impact of genetic variation in OPRK1 or PDYN at specific stages of
the addiction cycle

Given therole of these receptor / neuropeptide systems in addiction neurobiology (based
primarily, but not exclusively, on preclinical studies), it may be rationally postul ated that
specific genetic variations can result in greater vulnerability or resilience at specific stages
of an addiction cycle. Overall, aworking model can be presented, in which high pre-existing
expression of the PDYN gene (and thus high KOPr/dynorphin tone) resultsin decreased
vulnerability during the initial acquisition/escalation phase in models of addiction trajectory,
possibly by blunting the dopaminergic response to cocaine or MOPr-agonists. By contrast, it
is reasonable to postulate that high KOPr/dynorphin tone in other stages in the addiction
cycle (e.g., in withdrawal/abstinence, or relapse), may conversely exacerbate vulnerability,
by enhancing dysphoria, anhedonia and psychiatric comorbidity (Fig. 1 A). High KOPr/
dynorphin tone at these stages could be potentially due to epigenetic changesin either
OPRK1 or PDYN occurring in response to drug exposure history. Specific sites of
methylation of OPRK1 have been observed in P19 mouse embryonal carcinomacells[77,
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78], and of PDYNin human brain [79, 80], potentially paralleled by methylation patternsin
peripheral blood mononuclear cells, as a biomarker [80]. Appropriately designed clinical
genetic association studies would be critical to determine the applicability of this model.
Such studies would include detailed analysis of addiction trajectory and clinical course (e.g.,
dow vs. rapid escalation, frequency and severity of relapse), and potential association with
genetic polymorphisms, or with epigenetic marks at defined stagesin addiction trajectory.

Pharmacotherapeutic implications: Targeting neurobiological adaptations
in the KOPr/ dynorphin system at different stages of the addiction cycle

As detailed above, polymorphisms in genes of the opioid receptor system, or of genes
encoding cognate endogenous neuropeptides, are postulated to be associated with
vulnerability during specific stages of the addiction cycle. In some cases, information on
such stage-specific rolesis available. For example, polymorphismsin OPRM1are
associated with particular aspects of addiction vulnerability or treatment success[81]. Itis
also known that sufficient drug exposure (e.g., to cocaine) - independent of genetic
predisposition - can result in increases in KOPr/dynorphin tone, as detected in animal
models (discussed above). Such an increase in KOPr/dynorphin tone could exacerbate
dysphoria, anhedonia and psychiatric co-morbidity, and thus, increase vulnerability to
relapse and re-escalation.

Pharmacological strategies based on the KOPr/dynorphin system

High efficacy synthetic KOPr agonists could decrease ongoing reinforcing/rewarding effects
of cocaine [82—84]. However, administration of high efficacy KOPr agonists in humans
results in dose-limiting sedation or dysphoria, as well as psychotomimetic side effects (to
which tolerance could potentialy develop), complicating potential use of such compounds
inthe clinic [85].

Based on a more recent synthesis of the status of the KOPr/dynorphin system within models
of addiction trajectory (and psychiatric co-morbidity), it can be proposed that arelative
decrease in KOPr/dynorphin tone may be a more desirable strategy. This could be postulated
to promote abstinence and minimize relapse probability or severity, and also to allow greater
subject engagement with “ standard of care” social and psychologica support. Since most
treatment-seeking patients make contact with the health system after initial acquisition/
escalation have already occurred, pharmacotherapeutic approaches have to be potentially
effective at later stagesin the addiction cycle (Fig. 1B). Early and even prolonged
withdrawal/abstinence may be associated with the consequences of upregulated dynorphin
activation at KOPr. This could result in anhedonia, dysphoria, aswell as co-morbid signs of
anxiety or depression. Of note, early withdrawal from MOPr agonists (e.g., up to several
days) is also associated with classic signs of autonomic and HPA axis activation; these
likely impact other systems, and can be managed with supportive pharmacological treatment
[86]. However, the clinical management of withdrawal from MOPr agonists, while
necessary, is not sufficient to sustain a decrease in relapse risk over the medium or long term
[30, 32]. Therefore in addition to well validated pharmacotherapeutic approaches for heroin
or prescription opioid addiction, such as methadone or buprenorphine maintenance therapy,
arelative blockade of KOPr/dynorphin tone may be investigated for therapeutic impact.

KOPr/dynorphin upregulated tone has been shown to decline spontaneously in intermediate
duration withdrawal/abstinence modelsin rats [87]. An accelerated decrease in such tone
could potentially be achieved with selective KOPr antagonists (which have not yet been
studied to date in the clinic, due to lack of FDA-approved compounds). Current selective
KOPr antagonists (e.g., nor-binaltorphimine) exhibit extraordinary durations of action /n
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vivo[88, 89], for reasons that may include adaptations downstream of KOPr [90]. These
features complicate their study and application in the clinic, since dosing strategies,
reversibility of any undesired effects, and study design, would al be impacted. However,
newer selective ligands with more therapeutically-relevant durations of action are now
available, and are important for proof-of-concept studies[90, 91].

Given the importance of the KOPr/dynorphin system as a homeostatic regulator of natural
rewards, as well as drugs of abuse, selective KOPr partial agonists may be adesirable
approach, as alternate or sequential pharmacotherapeutic modality during more prolonged
abstinence and in relapse prevention [92]. Thus, chronic KOPr partial agonist treatment is
postulated to a) provide a stable counter-modul atory tone to dopaminergic surges (e.g., due
to drug exposurein relapse), and b) cause arelative blockade of excessive or fluctuating
KOPr/dynorphin tone (i.e., a partial KOPr agonist would cause a relative blockade of the
effects of endogenous dynorphins, which are high efficacy KOPr agonists). Both of these
potential KOPr effects may mitigate against relapse and re-escalation. From a trandational
perspective, al clinically available medications with KOPr partial agonist effects (e.g.,
buprenorphine, nalmefene) are not selective. These medications also have prominent MOPr
antagonist or MOPr partial agonist effects[4, 93-95]. Of trandational relevance, the
neuroendocrine biomarker prolactin (which is responsive to both MOPr and KOPr
activation) could be used to quantify antagonist, partial agonist, or full agonist, effectsin
preclinical models or human subjects (eg. [93]). The development of novel selective KOPr
partial agonists could be based on recently reported synthetic heterocyclic scaffolds, or
natural product scaffolds, such as salvinorin [90, 96], aided by the recently reported crystal
structure of human KOPr [97].

Concluding remarks

The KOPr/dynorphin system has emerged as a powerful regulator of neuro-behavioral
conseguences of acute and prolonged exposure to cocaine, heroin, or illicitly used
prescription opioids. This system may aso contribute to co-morbid anxiety and depression,
which may exacerbate particular stages in the addiction cycle. Genetic polymorphismsin
PDYN and OPRK 1 may be associated with vulnerability at different stages, by conferring
relative risk or protection in a) initial escalation, b) withdrawal/abstinence and attendant
anhedonia or dysphoria, ¢) relapse/re-escalation, or d) on psychiatric co-morbidity. Selective
KOPr antagonists and partial agonists, administered either sequentially, or based on the
neuro-behavioral status and neurogenetic profile of individual patients, are now thought, by
our group and others, to be a potential strategy in the treatment of specific addictive
disesses.
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Box 1. Outstanding Questions

Can the main operational stages of the proposed addiction cycle framework
(e.g., Fig. 1A) be investigated and potentially validated in a clinical research
Setting?

What are the behavioral, neurobiological and epigenetic underpinnings of
plasticity (eg. in KOPr, dynorphin and MOPY) at specific stages of an
experimental addiction-like cycle?

Based on the framework and findings of an addiction cycle, are there specific
tranglationally viable behavioral, pharmacological, or pharmaco-epigenetic
interventions that can potentially lead to novel therapeutic modalities?

@) More specifically:

Can novel short-acting KOPr selective antagonists (not yet generally available
for human studies) have aclinically beneficial effect on addiction trajectory or
psychiatric comorbidity?

Can (as yet unavailable) selective KOPr partial agonists (ie. without effects on
MOPrs) have a particularly beneficial pharmacotherapeutic profile in this
context (Fig. 1B)? The recent exciting report of the crystal structure of KOPr
when bound to a synthetic ligand [97] may provide a crucial step forward in the
rational design of novel compounds with desirable pharmacodynamic/signaling
properties.

How do pre-existing genetic variations (e.g., SNPs, haplotypes, indels), and
epigenetic changesin these target genes mechanistically affect vulnerability and
resilience at specific stages of an addiction-like cycle? The recent publications
of crystal structures for KOPr and MOPr complexed with synthetic ligands may
also give further insight into genetic underpinnings of vulnerability and
resilience [97, 107].

Isthere a causal or mutual relationship between the etiology of specific
addictive diseases and specific aspects of psychiatric co-morbidities (e.g.,
depression and anxiety) based on interaction with KOPr/dynorphin systems, at a
genetic, epigenetic or neuroplasticity level?
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The Addiction-Like Cycle: Operational Stages

Acquisition/Escalation

Abstinence/Withdrawal

Relapse/Re-escalation

KOPr/dynorphin tone postulated to
be increasing, as a counter-
regulatory mechanism to drug-
induced dopaminergic surges

Time

High KOPr/dynorphin tone persists
in withdrawal, in the absence of
drug-induced dopaminergic surges

Re-escalation may be exacerbated
in the face of pre-existing
upregulation in KOPr/dynorphin
tone, or responsiveness to drug
exposure.

(not to scale)

Initial stage driven initially by
experimentation, environmental
factors and drug reward. In vulnerable
individuals, probability of escalation
and establishment of the addiction

Dysphoria/anhedonia,
co-morbid depression/
anxiety can contribute to
relapse vulnerability.

Re-escalation may be more
severe, due to persisting molecular
adaptations, and learnt behavioral
patterns (potentially due to dorsal
striatal plasticity).

cycle is increased.

B

Potential Pharmacotherapeutic Approaches within an Addiction-Like Cycle

Acquisition/Escalation Abstinence/Withdrawal Relapse/Re-escalation

Pharmacotherapeutic effect

. [
- Early | Prolonged
R
S

Patientengagement with medical Early abstinence / ged abstinence: A selective KOPr partial
system for addiction treatment is withdrawal: 1 agonist may restore homeostatic control of
not common duringthe initial A selective KOPr 1 | dopaminergicfunction underlying

acquisition stage. antagonist may mood/reward. KOPr partial agonism mayalso

diminish probability of
relapse, by blocking
dynorphininduced-
dysphoria,anhedonia,
comorbid depression /
anxiety.

diminish severity of relapse/re-escalation.

Time
(not to scale)

v

Figure Legend 1. Different stages of the addiction cycle and potential KOPr-directed

phar mather apeutic opportunities

(a) Operational stages of the addiction-cycle to cocaine, heroin or illicitly used prescription
opioids. Individual trajectory (e.g., severity of escalation, withdrawal, or risk of relapse) is
thought to depend on major interacting factors: extent of drug exposure, concomitant
stresses, co-morbid psychiatric / psychological status and genetic predisposition (e.g., in
OPRK1/PDYN or OPRM1 genes) [16, 27, 41, 57, 66, 76, 98-100]. Each of these factors
may be hypothesized to have particular impact at a specific operational stage. For example,
aparticular SNP may exacerbate either acquisition/escal ation, severity of withdrawal -
induced dysphoria, or probability of relapse. (b) Proposed pharmacotherapeutic approaches
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for addictions and neuropsychiatric co-morbidity (panel B), based on appropriate

modul ation of KOPr/dynorphin tone with selective antagonists or partial agonists. Selective
KOPr antagonists (including recently reported compounds with durations of action that are
within the range of most therapeutically used compounds [90]) may reduce relapse
probability in the early stages of withdrawal/abstinence, by decreasing anhedonia,
dysphoria, stress responsivity or comorbid psychiatric signs that may be secondary to
upregulated KOPr/dynorphin tone [14, 15, 46, 50, 51, 90]. It is hypothesized that selective
KOPr partial agonists (not currently available, due to lack of KOPr>MOPr selectivity in
known ligands) [93, 95, 101] may be beneficia in promoting more prolonged abstinence, as
well as decreasing the severity of relapse episodes. More specificaly, a selective KOPr
partial agonist can be hypothesized to provide a degree of homeostatic tone in the KOPr
system, via blocking dynorphin-induced hyper-activation in the system (a factor in relapse;
see panel (a)), aswell aslimiting excessive dopamine surges due to rel apse-related exposure
to cocaine or heroin/prescription opioids.
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Gene structure and location of selected nucleotide polymorphisms of OPRK1, PDYN and
OPRM1 genes associated with specific addictions

A) PDYN 5UTR ATG SUTR
68-bp tandem repeats Exonl  Exonli Exon il Exon IV
\ 7 T - 1/ T /T
2 -301A>G 4 T 7
1 3 5 6
B) OPRK1 ATG

Distal promoter Exonl Exonli Exonlll ExonlIV
- Y‘_—_—Lﬁ T /,LT___//___
5

830 bp indel 36G>T

1 2 4
C) OPRM1 ’
ATG
l/_ I I [l v
T/ T — [ — | —— /—
1 17CT
2 11BA>G 6
3 5

Figure Legend 2.

Gene structures and selected loci of genetic variability in human (a) PDYN, (b) OPRK1 and
(c) OPRM 1 genes in the context of addiction to drugs of abuse (eg. cocaine, heroin,
methamphetamine and alcohol). Coding regions of exons are shown in green; 5’- and 3’-
untranslated regions (UTR) are in black. The numbers refer to the polymorphisms given in
Table 1. The location of the rs1997794 polymorphism (ie. #3) in the PDYN geneis shown
in relation to the transcription initiation site; location of 17C>T (#2) and 118A>G (#3) in
OPRM1isshowninrelationto ATG (atrandation initiation site).
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